The study of melanocyte biology in the zebra fi sh presents a highly tractable system for understanding fundamental principles of developmental biology. Melanocytes are visible in the transparent embryo and in the mature fi sh following metamorphosis, a physical transformation from the larval to adult form. While early developing larval melanocytes are direct derivatives of the neural crest, the remainder of melanocytes develop from unpigmented precursors, or melanocyte stem cells (MSCs). The Tol2 transposable element has facilitated the construction of stable transgenic lines that label melanocytes. In another application, integration of Tol2 constructs makes possible clonal analysis of melanocyte and MSC lineages. Drugs that block melanin synthesis, ablate melanocytes, and block establishment of MSC populations allow the interrogation of this model system for mechanisms of adult stem cell development and regulation.
Introduction
will develop prior to metamorphosis, which occurs around 14 dpf ( 7, 8 ) . Wild-type melanocytes frequently abut one another, making accurate counts dif fi cult to obtain. Epinephrine or norepinephrine treatment contracts the melanocytes after 4 dpf ( 4 ) . Alternatively, the use of the mutant line mlpha j120 ( 9 ) , which has constitutively contracted melanocytes, is particularly useful for phenocopying epinephrine treatment in large-scale applications, such as drug screens ( 10 ) .
One property of some mutants, including sparse , is that melanocytes initially differentiate and melanize before ultimately undergoing apoptosis ( 2 ) . Since melanocytes have a distinct cellular marker (melanin) and often take days to be extruded from the skin, it can be dif fi cult to tell if the melanocytes are living or dead. The transgenic line Tg(fTyrp1 > eGFP) j900 expresses a GFP reporter driven by the Takifugu rubripes tyrosinase-related protein 1 (Tyrp1) promoter and is speci fi cally expressed in melanocytes ( 11 ) . Use of this transgenic line allows detection of cell death by looking for extinguishment of the GFP marker and can be combined with the mlpha j120 mutation to facilitate scoring of living melanocytes. Zebra fi sh have a noted capacity for regenerating many tissue types, and properties of melanocyte regeneration were initially explored in fi n amputation studies ( 12, 13 ) . Following amputation of the caudal fi n, the blastema regenerates all tissues including bone, artery, skin, and pigment cells, including melanocytes. Drugs that block melanin synthesis, like phenylthiocarbamide (PTU) ( 14 ) , can be used to test hypotheses about melanocyte precursors in the regenerate. This work has shown that regenerated melanocytes in the fi n arise from unpigmented precursors, or melanocyte stem cells (MSCs), rather than existing differentiated melanocytes ( 13 ) .
Since melanocytes are dispensable in a laboratory setting, they may be ablated via physical ( 15 ) or chemical means ( 11, 16 ) . Chemicals such as 4-hydroxyanisole (4-HA) that molecularly mimic endogenous ligands speci fi cally metabolized in melanocytes produce cytotoxic by-products that ablate melanocytes ( 16 ) . Following cell death and washout of the drug, MSCs are able to regenerate the ablated melanocyte population and can be studied for their regenerative potential. Consequently, genetic screens using melanocyte ablating drugs have identi fi ed novel genes involved in melanocyte regeneration ( 17 ) .
An ErbB3 mutant that has de fi ciencies in melanocyte development at metamorphosis has led to the use of ErbB inhibitors such as AG1478 to effect MSC populations ( 18 ) . Combining AG1478 and 4-HA treatments has made possible the study of MSC establishment during development and regulation of MSCs in the larvae ( 19 ) . Use of these drugs with PTU has shown that melanocytes found in the early embryo are direct derivatives of the neural crest, developing between 1 and 3 dpf. Following this developmental window, a small proportion (~10%) of embryonic melanocytes are added in a regulative fashion from MSCs ( 20 ) .
The development of the Tol2 transposable element as a tool for generating transgenic lines in the zebra fi sh has revolutionized zebra fi sh genetics ( 21 ) . This tool can similarly be used to generate clones for studying developmental questions of lineage. Injection of small amounts of transposon harboring a melanocytespeci fi c reporter construct permits the study of individual precursor cells that give rise to both ontogenetic melanocytes and MSCs. In addition, the use of ubiquitous promoters, such as EF1 α ( 22 ) , allows the study of precursor cells that may give rise to multiple pigment cell types including melanocytes, xanthophores, and iridiphores in the zebra fi sh ( 23 ) . An alternative approach for studying clones in the zebra fi sh was pioneered using gamma-irradiation ( 24 ) . In a similar fashion, the albino mutant has unpigmented melanocytes and can be utilized to study the lineages of melanocytes and MSCs. Disruption or ablation of the albino + allele by applying X-irradiation to heterozygous individuals ( alb b4 /+) expressing the fTyrp1 > eGFP transgene results in clonally related albino melanocytes that can be clearly visualized on a pigmented melanocyte background. 3. Razor blade.
1. Tg(fTyrp1 > eGFP) j900 (see Subheading 2.1 ).
PTU (see Subheading 2.2 ).
3. Stereomicroscope with fl uorescence fi lters for GFP detection. 4. To facilitate counting, focus on the fi ve embryonic melanocyte stripes (one dorsal, two lateral, one ventral, one yolk) one at a time.
5. Adult zebra fi sh can be anesthetized in a one-half strength tricaine solution (0. 5 mL per 25 mL) and epinephrine treated (5 mg/mL) concurrently. By the time fi sh are anesthetized 6. Transfer fi sh from tricaine/epinephrine solution to a Petri dish with a slotted spoon and quickly proceed to count melanocytes on a dissecting microscope. If fi sh begins to wake from anesthetic, return to water until immobile and proceed counting.
7. The mlpha j120 line (Fig. 2c ) is particularly useful for counting melanocytes without the need for epinephrine treatment. In combination with fTyrp1 > eGFP expression (Fig 2d ) melanocytes can be both counted and determined if alive when evaluating mutant phenotypes or effects of drugs on melanocyte development.
1. Anesthetize adult fi sh in tricaine.
2. Once fi sh are unresponsive, blot the fi sh several times on a paper towel to remove excess water, and place on a Petri dish.
3. Using a sharp razor blade, fi rmly press down on the caudal fi n approximately one-half the distance between the distal tip of the fi n and where the fi n emerges from the body. Detach excised fi n tissue and discard.
4. Place fi sh back into water to recover from anesthetic.
5. Following recovery, transfer fi sh to 200 μ M solution of PTU to block melanin synthesis in newly developing melanocytes (Fig. 3b ) . PTU solution should be replaced every third day to ensure that melanin synthesis remains blocked.
6. To reveal pigmentation in regenerated melanocytes, remove fi sh from PTU and allow several days for melanin synthesis to resume and pigmentation to develop (Fig. 3c ).
1. Breed Tg(fTyrp1 > eGFP) j900 adults and rear embryos ( 26 ) .
2. By 2 dpf, hundreds of ontogenetic melanocytes are visible and embryos can be sorted for those that inherited the transgenic GFP marker (see Note 3 ).
3. By 3 dpf, the majority (~90%) of ontogenetic embryonic melanocytes have developed. At this point, transfer embryos to a solution of egg water containing 200 μ M PTU to block melanin synthesis in remaining melanocytes yet to differentiate.
4. Change egg water with PTU every 2 days.
5. At 7 dpf, screen embryos for GFP+, unmelanized pigment cells (Fig. 4 ).
1. Embryos can be produced either by in vitro fertilization or natural breeding ( 26 (Fig. 5a ). While melanocytes that are derived directly from the neural crest develop normally, later developing melanocytes that require a MSC intermediate fail to develop (Fig. 5e ).
3. Dilute stock solution of 4-HA to 4 μ g/mL in egg water prior to application. To block or kill ontogenetic melanocytes prior to their development, apply 4-HA at 1 dpf for 2 days (Fig. 5a , c) .
To kill previously differentiated melanocytes, apply 4-HA for 2 days (Fig. 5a ) until melanocytes appear small and punctate and signs of detritus are evident. 4. To regenerate melanocytes from MSCs, washout 4-HA. Between 1 and 2 days post-washout, new melanocytes should be visible in all canonical embryonic zebra fi sh stripes, except for the yolk stripe which fails to regenerate ( Fig. 5d ) ( 16 ) .
5. AG1478 and 4-HA treatments can be combined in the larvae for testing models of MSC regulation ( Fig. 5f ) ( 19 ) .
1. Prepare capped transposase mRNA using Ambion mMessege mMachine SP6 kit. Dilute to 75 ng/ μ L and store at −70°C in 5 μ L aliquots. side of prepared injection needle and transfer injection solution. Solution should wick to the sharp, pulled point of the injection needle.
Insert injection needle into micropipette holder and tighten
fi rmly without breaking the needle.
6. Open tank of compressed N 2 and set pressure to 30 psi. Turn on pressure injector unit.
7. Adjust micro-manipulator to ~45 º angle, and place tip of needle into a Petri dish one-half full of mineral oil, just below the surface. Center the tip of the injection needle immediately next to reticle and pulse one time to release a single injection of labeled solution. Adjust pressure on pressure injector unit until desired volume, approximately fi ve reticle ticks wide at 40× magni fi cation, is consistently released on multiple pulses. Phenol red makes the injection solution clearly visible as it is injected into the mineral oil. Leave the injection needle submerged in mineral oil to avoid drying out and clogging the tip of needle when waiting for embryos to be bred.
8. Produce one clutch of zebra fi sh embryos via in vitro fertilization to ensure consistent, uniform timing of development. 15-20 min following application of sperm to eggs, cytoplasmic fl ow of the yolk into the one-cell embryo should be visible.
9. Transfer fertilized embryos to a grooved silicone pad lying in a Petri dish with a Pasteur pipet and remove excess egg water to reduce excessive rolling and movement of embryos while attempting to inject.
10. Carefully pierce the chorion of the one cell embryo with the injection needle and continue to puncture into the yolk, aiming for a location just underneath the visible single cell. Apply a single pulse to inject plasmid-transposase solution. Carefully remove the needle from the embryo (see Note 6 ).
11. Continue to inject remainder of eggs from the clutch until done (see Note 7 ).
12. Transfer injected embryos back into a Petri dish with egg water and place at 28.5° (standard temperature).
13. By 6-8 hpf, clean up embryos and remove all damaged, dead, or dying embryos. Allow embryos to grow at ~50 per Petri dish in egg water under standard conditions. 14. At 3 dpf, screen through injected embryos with a stereomicroscope and set aside all fi sh with GFP + melanocytes (Fig. 6a-c ) .
15. Procedure for EF1 α > GFP:Tol2 plasmid is identical. Clones generated with this transposon are not limited to melanocytes since the promoter is ubiquitously expressed (Fig. 6d-f ).
1. Breed albino homozygotes ( alb b4/b4 ) with Tg(fTyrp1 > eGFP) j900 (see Note 8 ).
2. Sort embryos using a dissecting microscope and Pasteur pipet, removing unfertilized eggs and con fi rming approximately equivalent developmental staging of fertilized embryos.
3. Prepare X-ray cabinet by warming up X-ray tube incrementally.
4. When working with embryos, place up to 500 embryos in the center of a Petri dish and place in the X-ray cabinet directly underneath X-ray source (Fig. 7a ). When working with adults, anesthetize fi sh in tricaine, quickly blot dry on paper towels, and transfer to Petri dish with a slotted spoon just prior to application of X-rays.
Lineage Analysis Using X-Ray Induced Clones
5. For low rates of clone production, embryos are placed ~30 cm from the X-ray source and exposed to 2 min of 120 kVp, equivalent to ~787 Rads (see Note 9 ).
6. At 2 dpf, once melanocytes have begun clearly expressing the fTyrp1 > eGFP marker, remove all fi sh lacking GFP expression (see Note 3 ).
7. At 3 dpf, sort through GFP-positive embryos for GFP + , albino melanocytes lacking pigment (Fig. 7b ) (see Note 10 ).
1. Any source of ionizing radiation, such as gamma rays from a cesium source, will suf fi ce to generate double strand breaks for the purpose of generating hemizygous clones.
2. Larval fi sh will die or visibly begin to degrade if left in epinephrine or norepinephrine for periods longer than 10 min. Adult fi sh can typically withstand up to 30 min in epinephrine without negative effects. Fig. 7 . Lineage analysis using X-ray induced clones on albino heterozygous background.
Notes
( a ) Protocol for inducing albino melanocytes with X-rays. X-rays can be applied with temporal precision at various time points in development and screened after 3 dpf following completion of melanocyte differentiation. ( b ) Epi fl uorescence image of 3 dpf zebra fi sh following X-irradition to generate albino clones. fTyrp1 > eGFP reveals albino melanocytes ( white arrows ).
3. In embryos with wild-type melanocytes, sorting after 2 dpf makes identifying GFP expression more dif fi cult as melanin levels increase. Treatment with epinephrine (see Subheading 3.1 ) to contract melanocytes can facilitate sorting in older embryos.
4. H = heat; P = pull; V = velocity; T = time, Psi = Pressure.
5. The amount or concentration of plasmid and transposase can be varied to increase or decrease the number of clones generated per injected clutch. The concentrations indicated result in approximately 5-10% of injected fi sh containing melanocyte clones.
6. If properly injected, the phenol red in the injection solution will cause a small area of yolk to be distinctly dyed red. If dye quickly wicks away and does not stain the yolk, the needle was not suf fi ciently inserted and the transposon will likely fail to integrate.
7. We fi nd that a single investigator can perform the in vitro fertilization and transposon injection using 3-4 clutches and labeling 500-1,000 embryos per morning.
8. If application of X-rays at speci fi c early developmental time points is essential, in vitro fertilization is the optimal method for breeding ( 26 ) . Alternatively, if natural breeding is used, barriers separating males and females should be removed in the morning to avoid rare, accidental late night breeding.
9. Amount of X-rays applied can be varied depending on the number of precursors to be induced per fi sh. Empirical testing of X-ray dosage in relation to the number of clones generated should be done.
10. While melanocytes in the dorsal and lateral stripes are particularly easy to identify, care should be taken when examining the ventral strip near the yolk, which is more dif fi cult to screen.
